Abstract. The long non-coding RNA X inactive-specific transcript (XIST) has been implicated in certain human cancers, including osteosarcoma (OS), but the molecular mechanism of XIST underlying OS progression remains to be fully uncovered. In the present study, reverse transcription-quantitative polymerase chain reaction data demonstrated that XIST was significantly upregulated in OS tissues and cell lines (Saos-2, U2OS, HOS and MG63) compared with adjacent non-tumour tissues and normal human osteoblast cell line HFOB1.19. Bioinformatics analysis and luciferase reporter gene assay data demonstrated that XIST could directly target microRNA (miR)-137 and negatively regulate the expression of miR-137 in Saos-2 and U2OS cells. Furthermore, miR-137 was markedly downregulated in OS tissues and cell lines. An inverse association between XIST and miR-137 expression was observed in OS tissues. Knockdown of XIST caused a significant reduction in cell proliferation and invasion and suppressed matrix metalloproteinase (MMP2) and MMP9 protein levels in Saos-2 and U2OS cells. Furthermore, inhibition of miR-137 expression abolished the effects of XIST downregulation on the proliferation and invasion of OS cells. In summary, the present study suggests that XIST promotes OS cell proliferation and invasion by inhibition of miR-137 expression. Thus, XIST may be a potential therapeutic target for the treatment of OS.
Introduction
Osteosarcoma (OS) is the most prevalent malignant bone tumour in children and adolescents, and it generally occurs in the metaphysis of long bones (1, 2) . Furthermore, OS is characterized by high relapse, and ~80% of OS patients eventually develop metastatic disease (1, 3) . Despite the combination of surgery, radiotherapy and chemotherapy, the 5-year survival of advanced OS patients is still poor (1, 2) . Therefore, it is urgently required to explore the potential molecular mechanism underlying OS progression and to identify effective molecular targets for the treatment of OS.
Long non-coding RNAs (lncRNAs) are a type of regulatory transcript >200 nucleotides in length that mainly function through sponging target mRNAs, microRNAs (miRNAs or miRs) or proteins (4, 5) . miRNAs are a class of regulatory transcripts containing 22-25 nucleotides and are important gene expression regulators through their interaction with the 3'-untranslated region of their target mRNAs, resulting in mRNA degradation or translation repression (6, 7) . By regulating the expression of their targets, both lncRNAs and miRNAs have been demonstrated to serve key roles in the development and progression of various human cancers including OS (7) (8) (9) . For instance, miR-33b inhibits the proliferation and migration of osteosarcoma cells via targeting hypoxia-inducible factor 1-α (7). The lncRNA metastasis associated lung adenocarcinoma transcript 1 promotes the proliferation and metastasis of osteosarcoma cells via downregulation of miR-509 and, thus, activation of the Rac1/c-Jun N-terminal kinasepathway (8) .
The lncRNA X inactive-specific transcript (XIST) is expressed exclusively from the X inactivation centre of the inactive X chromosome and is essential for the initiation and spread Long non-coding RNA XIST serves an oncogenic role in osteosarcoma by sponging miR-137
of X-inactivation (10) . Previous studies have reported that XIST is frequently upregulated in human cancers, and it functions as an oncogene (11, 12) . For instance, XIST promotes cell growth and metastasis through regulating the miR-139-5p mediated Wnt/β-catenin signalling pathway in bladder cancer (13 The aim of the present study was to explore the molecular mechanism by which XIST promotes OS growth and metastasis in vitro. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was extracted from tissues and cells using TRIzol reagent (Thermo Fisher Scientific, Inc.). For XIST expression detection, RT-qPCR was conducted using the OneStep RT-PCR kit (Qiagen, Inc., Valencia, CA, USA) according to the manufacturer's instructions. GAPDH was used as an internal reference. For miR-137 expression detection, RT-qPCR was conducted using the Mir-X™ miRNA qRT-PCR SYBR ® kit (Clontech Laboratories, Inc., Mountainview, CA, USA) according to the manufacturer's instructions. U6 was used as an internal reference. The reaction conditions were as follows: 95˚C for 3 min, followed by 40 cycles of 95˚C for 30 sec and 60˚C for 30 sec. The relative expression was analysed using the 2 -ΔΔCq method (20) . Primers used were as follows: XIST, forward 5'-ACG CTG CAT GTG TCC TTAG-3' and reverse 5'-GAG CCT CTT ATA GCT GTT TG-3'; GAPDH, forward 5'-GGA GCG AGA TCC CTC CAA AAT-3' and reverse 5'-GGC TGT TGT CAT ACT TCT CAT GG-3'; miR-137, forward 5'-GCA GCA AGA GTT CTG GTG GC-3' and reverse 5'-TGG AAC CAG TGC GAA AAC AC-3'; and U6, forward 5'-CTC GCT TCG GCA GCA CA-3' and reverse 5'-AAC GCT TCA CGA ATT TGC GT-3'.
Materials and methods

Clinical
Western blotting. Saos-2 and U2OS cells were lysed in cold radioimmunoprecipitation assay buffer (Thermo Fisher Scientific, Inc.). The protein concentration was examined using a Bicinchoninic Acid Protein Assay kit (Thermo Fisher Scientific, Inc.). Proteins (50 µg per lane) were separated by 10% SDS-PAGE and then transferred to polyvinylidene difluoride membranes (Thermo Fisher Scientific, Inc.). The membranes were blocked in 5% non-fat milk in PBS (Thermo Fisher Scientific, Inc.) containing 0.1% Tween-20 (Thermo Fisher Scientific, Inc.) at room temperature for 3 h. Following that, the membranes were incubated with rabbit anti-matrix metalloproteinase (MMP)2 (1:1,000; ab92536; Abcam, Cambridge, MA, USA), rabbit anti-MMP9 (1:500; ab76003; Abcam) or rabbit anti-GAPDH (1:1,000; ab9485; Abcam) primary antibodies at 4˚C overnight. Then, the membranes were incubated with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:5,000; ab205718; Abcam) at room temperature for 30 min. The protein bands were detected using an Enhanced Chemiluminescence Western Blotting kit (Thermo Fisher Scientific, Inc.) and quantified using Image Lab analysis software version 3.1 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Cell counting kit (CCK)-8 assay.
Saos-2 and U2OS cells (5,000 cells/well) were seeded into 96-well plates. Following incubation at 37˚C for 0, 24, 48 or 72 h, 10 ml CCK-8 reagent (Beyotime Institute of Biotechnology, Haimen, China) was added to each well. The cells were then incubated at 37˚C for 2 h. The absorbance was examined at a wavelength of 450 nm using an ELx808 absorbance reader (BioTek Instruments, Inc., Winooski, VT, USA).
Cell invasion assay. The Saos-2 and U2OS cell suspensions (1x10 5 cells per well) were added to the upper chamber of a Transwell plate that was pre-coated with Matrigel (Chemicon; EMD Millipore, Billerica, MA, USA), and 300 µl DMEM containing 10% FBS was added to the lower chamber. Cells were then incubated at 37˚C for 24 h. Following that, the cells on the interior of the inserts were removed using a cotton-tipped swab, while the cells on the lower surface of the membrane were stained with gentian violet (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at room temperature for 30 min. The invading cells were counted under a light microscope (magnification, x200; Olympus Corp., Tokyo, Japan).
Bioinformatics analysis and Luciferase reporter gene assay.
The target miRNAs of XIST were predicted using RNAhybrid 2.12 (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/). The fragment from XIST containing the wild-type (WT) or mutant type (MT) miR-137 binding sites was cloned into pmirGLO Dual-luciferase Target Vector (Promega Corporation, Madison, WI, USA), generating WT or MT XIST plasmids. Saos-2 and U2OS cells were co-transfected with miR-137 mimic (4464066; Thermo Fisher Scientific, Inc.) or miRNA-NC (4464058; Thermo Fisher Scientific, Inc.), and WT (or MT) XIST plasmids using Lipofectamine 2000. Following 48 h of transfection, luciferase reporter gene assay was performed using the Dual-Luciferase Reporter Assay System (Promega Corporation). Firefly luciferase activity was normalized to Renilla luciferase activity.
Statistical analysis. Data are presented as the mean ± standard deviation of at least three repeated experiments. SPSS version 20.0 software (IBM Corp., Armonk, NY, USA) was used to conduct statistical analyses. Differences were examined using Student's t-test for two-group comparison. Differences were examined using analysis of variance for comparison of more than two groups followed by Turkey's post hoc test. Pearson correlation analysis was performed to examine the correlation between the XIST and miR-137 expression in OS tissues. P<0.05 was considered to indicate a statistically significant difference.
Results
XIST is upregulated in OS.
To study the role of XIST in OS, the expression levels of XIST were initially examined in OS tissues and cell lines. RT-qPCR data demonstrated that XIST was significantly upregulated in OS tissues compared with that of matched adjacent non-tumour tissues (Fig. 1A) . Similar findings demonstrated that the expression of XIST was increased in OS cell lines (MG63, Saos-2, U2OS and HOS) compared with that of normal human osteoblast cell line HFOB1.19 (Fig. 1B) . Therefore, XIST is upregulated in OS.
XIST negatively regulates the expression of miR-137 in OS cells by sponging.
LncRNAs have been demonstrated to function by interacting directly with miRNAs (4, 5) . Thus, bioinformatics analysis was performed to identify the target miRNAs of XIST. Putative binding sites were identified between XIST and miR-137 ( Fig. 2A) . To validate this prediction, a luciferase reporter plasmid was constructed containing the WT or MT miR-137 binding sites in XIST ( Fig. 2A) and luciferase reporter gene assay was performed using Saos-2 and U2OS cells. The data demonstrated that transfection with the miR-137 mimic caused a significant reduction in the luciferase activity of WT XIST but did not significantly affect the luciferase activity of MT XIST in Saos-2 and U2OS cells (Fig. 2B and C) . These data indicate that XIST can directly sponge miR-137 in OS cells. The effect of XIST on the miR-137 expression was further studied in OS cells. XIST siRNA or XIST plasmid was used to transfect Saos-2 and U2OS cells. As presented in Fig. 2D , transfection with XIST siRNA significantly inhibited its expression compared with the NC siRNA group. Further experiments demonstrated that inhibition of XIST expression caused a significant increase in miR-137 expression in Saos-2 and U2OS cells (Fig. 2E) . In contrast, transfection with XIST plasmid significantly upregulated its expression compared with the blank group (Fig. 2F) . Furthermore, overexpression of XIST significantly reduced the expression of miR-137 in Saos-2 and U2OS cells (Fig. 2G) . These data suggest that XIST can negatively regulate the miR-137 expression in OS cells by directly sponging it.
miR-137 is downregulated in OS.
The expression of miR-137 in OS was further examined. RT-qPCR data demonstrated that the expression levels of miR-137 were significantly reduced in OS tissues compared with those of adjacent non-tumour tissues (Fig. 3A) . Consistently, miR-137 was also downregulated in OS cell lines compared with that of normal human osteoblasts cell line HFOB1.19 (Fig. 3B) . Notably, an inverse correlation was identified between the XIST and miR-137 expression in OS tissues (Fig. 3C) . These findings suggest that the reduced expression of miR-137 may be due to the increased expression of XIST in OS tissues.
Inhibition of XIST expression suppresses the proliferation and invasion of OS cells.
The effects of XIST downregulation on OS cell proliferation and invasion were evaluated. CCK-8 assay data indicated that the proliferation of Saos-2 and U2OS cells was significantly downregulated following knockdown of XIST compared with that of the NC siRNA group (Fig. 4A and B) . Transwell assay data demonstrated that the invasion of Saos-2 and U2OS cells was also significantly reduced in the XIST siRNA group compared with the NC siRNA group (Fig. 4C and D) . Furthermore, the protein levels of MMP2 and MMP9, which are not direct target genes of XIST and miR-137, but are key factors associated with tumour cell invasion, were also significantly decreased following inhibition of XIST expression (Fig. 4E-F) . These findings suggest that XIST may serve a promoting role in OS growth and metastasis.
miR-137 is associated with XIST-mediated OS cell proliferation and invasion.
The above findings suggest that miR-137 may be associated with XIST-mediated OS cell proliferation and invasion. To test this hypothesis, XIST siRNA transfected cells were then transfected with an miR-137 inhibitor to downregulate the expression of miR-137 in OS cells. RT-qPCR data demonstrated that miR-137 was significantly downregulated in the siXIST+anti-miR-137 group compared with the siXIST+anti-NC group (Fig. 5A) . Furthermore, CCK-8 assay data demonstrated that the proliferation of Saos-2 and U2OS cells was significantly increased in the siXIST+anti-miR-137 group compared with the siXIST+anti-NC group (Fig. 5B and C) . Similarly, Transwell assay data demonstrated that the invasion of Saos-2 and U2OS cells was also upregulated in the siXIST+anti-miR-137 group compared with the siXIST+anti-NC group (Fig. 5D-E) . Therefore, the present findings suggest that XIST serves a promoting role in the regulation of OS cell proliferation and invasion by directly sponging miR-137.
Discussion
XIST has been implicated in OS, but the underlying molecular mechanism remains largely unclear. In the present study it was reported that XIST was significantly upregulated in OS tissues and cell lines compared with adjacent non-tumour tissues and normal human osteoblast cells. Bioinformatics analysis and luciferase reporter gene assay data demonstrated that XIST could directly target miR-137, and the expression of miR-137 was negatively regulated by XIST in Saos-2 and U2OS cells. Furthermore, miR-137 was markedly downregulated in OS tissues and cell lines, and an inverse association was observed between XIST and miR-137 expression in OS tissues. Knockdown of XIST caused a significant reduction in cell proliferation and invasion and suppressed MMP2 and MMP9 protein levels in Saos-2 and U2OS cells. Furthermore, inhibition of miR-137 expression abolished the effects of XIST downregulation on the proliferation and invasion of OS cells.
Recently, the increased expression of XIST has been observed in different human cancers, and previous studies have demonstrated that XIST serves an oncogenic role (21, 22) . For instance, Sun et al reported that XIST suppressed NSCLC cell viability and invasion by regulating the miR-137/paxillin axis (22) . In the present study, it was demonstrated that the expression levels of XIST were significantly upregulated in OS tissues and cells compared with adjacent non-tumour tissues and normal human osteoblast cell line HFOB1.19. These findings were consistent with several previous studies (15, 16) . It was also demonstrated that inhibition of XIST expression by siRNA significantly reduced the proliferation and invasion of Saos-2 and U2OS cells. Similarly, Yang et al (18) also demonstrated that knockdown of XIST inhibited OS cell proliferation and invasion in vitro and tumour growth in vivo.
Previous studies have demonstrated that lncRNAs including XIST can negatively regulate the expression of miRNAs through sponging (23, 24) . For instance, Zhang et al demonstrated that XIST promoted gastric cancer progression through TGF-β1 via targeting miR-185 (23). Cheng et al reported that XIST suppressed nasopharyngeal carcinoma progression by activating miR-491-5p (24) . In OS, several miRNAs have been identified as the targets of XIST, such as miR-195-5p (18), miR-21-5p (19) and miR-320b (16) . In the present study, bioinformatics analysis data demonstrated that miR-137 was a potential target of XIST, which was confirmed by luciferase reporter gene assay. The expression of miR-137 was negatively regulated by XIST in OS cells. Furthermore, it was observed that miR-137 was significantly downregulated in OS tissues and cell lines, and the miR-137 levels were inversely correlated to the XIST levels in OS tissues. These findings suggest that the upregulation of XIST may contribute to the downregulation of miR-137 in OS tissues.
A previous study has demonstrated that miR-137 functions as a tumour suppressor in OS via targeting EZH2 (25) . In addition, Li et al also reported that miR-137 is downregulated in OS tissues and cell lines, consistent with the present findings, and can inhibit OS cell proliferation and migration through directly targeting FXYD6 (26) . However, the molecular mechanism of miR-137 underlying OS progression remains largely unclear. In the present study, it was identified that inhibition of miR-137 reversed the suppressive effects of XIST downregulation on proliferation and invasion of Saos-2 and U2OS cells. These findings suggest that miR-137 functions as a downstream effector of XIST in OS cells.
To the best of our knowledge, this is the first study to report that XIST has promoting effects on proliferation and invasion of OS cells by sponging miR-137. Therefore, these finding suggest suggest that XIST may become a potential therapeutic target for the treatment of OS.
